[bookmark: _Toc321147149][bookmark: _Toc318188227][bookmark: _Toc318188327][bookmark: _Toc318189312][bookmark: _Toc321147011][image: ]
Modelling of shaped charges

George Atkins | OME: Advanced Physics for OME | 29/11/2021







Contents
Introduction	3
Shaped Charges	3
Modelling of Shaped Charges	4
Initial Abaqus Model	6
Initial Results	8
Abaqus Model	with New Material Properties	10
Results with New Material Properties	11
Abaqus Model with Finer Mesh	13
Results with Finer Mesh	14
Discussion	15
Conclusion	16
References	16

Figure 1	4
Figure 2	5
Figure 3	6
Figure 4	8
Figure 5	8
Figure 6	9
Figure 7	9
Figure 8	10
Figure 9	10
Figure 10	11
Figure 11	12
Figure 12	12
Figure 13	13
Figure 14	13
Figure 15	14
Figure 16	14
Figure 17	15
Figure 18	15

Table 1	7
Table 2	7
Table 3	7
Table 4	11



[bookmark: _Toc90996066]Introduction
This paper covers the modelling and critical analysis aspects of the Advanced Physics for OME module’s learning outcomes using the context of a shaped charge device comprising of steel casing, TNT high explosive charge and a copper conical liner. The author shall conduct research into shaped charges and the methods that exist for modelling them. [1]
The author will use a computer model of a shaped charge from Abaqus software and show the results, an attempt to improve the modelling will be made and the results compared to the initial model.  A discussion of the two sets of modelling results will be had and then a conclusion drawn about the modelling methods used and the various factors that can influence shaped charge modelling.
[bookmark: _Toc90996067]Shaped Charges
A cylinder of explosives with a cavity at one end and a detonator at the other, is known as a hollow charge. The cavity causes the products of combustion formed from the initiation of the explosive to focus the energy of the detonation products. This focusing of the detonation products creates an intense localised force. When directed against a metal plate, this concentrated force is capable of penetrating the plate more than a cylinder of explosive without a cavity, even though more explosive is available without the cavity. This phenomenon is known as the Munroe effect after the gentleman, Charles E. Munroe, who rediscovered the hollow cavity effect whilst working at the Naval Torpedo Station, Newport, Rhode Island between 1888 and 1900. [2]
Shaped charges improve on the hollow charge concept by adding a liner of metal (commonly copper) to the cavity wall, when the products of combustion formed from the initiation of the explosive engulf the liner, it collapses. The collapse of the liner material on the centreline forces a portion of the liner to flow in the form of a jet where the jet tip velocity can travel in excess of 10 km/s, which increases the penetration of the target plate considerably. [2] 
Penetration can be further increased by adding a standoff distance between the liner and the target, thus allowing the jet sufficient distance and time to form into a high-pressure fast-moving jet, which cause greater penetration. Figure 1 below shows how the aforementioned properties of hollow charges, shaped charges and standoff distances effect penetration into a target plate. [image: ]
[bookmark: _Toc90996048]Figure 1 
From Left to Right: Hollow Charge; Shaped Charge; Shaped Charge With Standoff [3]

Shaped charges saw extensive use in World War 2 as munition designed for attacking hard targets such as heavily armoured tanks and bunkers. Some of the more notorious weapons that used shape charge warheads were, Panzershrecks, Panzerfausts, PIATs and of course the bazooka. [4] The armour defeating jet was used to great effect during the conflict and cemented itself as part of every nation’s warfighting arsenal to this day as shaped charges are still used in weapons such as the Javelin and M72 LAW. 
[bookmark: _Toc90996068]Modelling of Shaped Charges
Computer modelling is an incredibly useful as it allows a designer to experiment with various things without having to make and test them. This is especially useful for this context of shaped charges as the cost and time to manufacture and test each new design idea would be counterproductive as it would cost thousands of pounds and take weeks to test each idea. Simulation allows the designer to conduct an experiment several times to get results and enhance the design, without the time and cost restrictions. 
There are several methods of computer modelling which can be applied to shaped charges. The book “Smoothed particle hydrodynamics modelling of linear shaped charge with jet formation and penetration effects” in the paper, the entire process of detonation and jet formation as well as the penetrating effect is modelled using a smoothed particle hydrodynamics (SPH) method. SPH is a Lagrangian, meshfree particle method, and has been widely applied to different areas in engineering and science. SPH was originally invented to solve astrophysical problems in three dimensional open spaces as the collective movement of those particles is similar to the movement of a liquid or gas flow, and it can be modelled by the governing equations of the classical Newtonian hydrodynamics. [5] 
The aforementioned properties of SPH modelling make it well suited to modelling shaped charge jet formation as the jet behaves with hydrodynamic characteristics. The issue with SPH is that it requires a lot of computing power and the simulations aren’t quick to reach fruition, which makes it difficult to quickly make adjustments to the simulation or the design of the munition itself. 
As the computation is time-consuming in SPH, especially for neighbouring particles search and large number of particle interactions, such as in shaped charges, parallel computing is necessary. In recent years, owing to the rapid development of Graphics Processing units (GPU), more and more numerical simulations are performed on GPUs with the utilization of the CUDA parallel programming interface. [6]
Another method of modelling shaped charges is a C-language-based Arbitrary Lagrangian-Eulerian (CALE) model. The model is considered validated over years of U.S. Navy on-target experience. 
The research focused on a charge with wave shaper that produces a unique and complex shock front. This front is modelled in Figure 2, a CALE progression of the shock pressure and liner collapse over the first 3 µs of interaction. The shock front is not planar and is driven towards the apex symmetrically off of the centreline. The modelled images also served as the inspiration behind the experimental concept.
[image: ]
[bookmark: _Toc90996049]Figure 2
The Birkhoff, MacDougall, Pugh, and Taylor model describe the geometry and velocity of a collapsing shaped charge liner into the central axis and resulting jet. It is the first published fundamental theory of jet formation and recognizes that as the detonation pressure is much greater than the strength of the liner, the liner is treated as an inviscid fluid [3]
The method that this report shall focus on is called Finite Element Analysis (FEA) and shall use the Abaqus CAE software to conduct the simulations. Finite element analysis is an engineering method for the numerical analysis of complex structures. [7] The Abaqus Unified FEA product suite offers powerful and complete solutions for both routine and sophisticated engineering problems covering a vast spectrum of industrial applications. [8]
[bookmark: _Toc90996069]Initial Abaqus Model
The initial model for this simulation was provided and is shown in figure 3. It comprises of a case; a High Explosive (HE) fill; and a liner. It follows the arrangement previously mentioned for the construction of shaped charges, that is, a portion of the fill is missing to create a hollow cone which is subsequently lined with a thin piece of metal.
[image: ] 
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The material properties for the components that were inputted into the Abaqus software are as follows the case is steel, see table 1 for properties. The HE fill is TNT, see table 2 for properties. The liner is copper, see table 3 for properties.

	Mass Density 
	7860

	Young’s modulus 
	200000000000

	Poisson’s ratio 
	0.3


[bookmark: _Toc90996078]Table 1
	Mass Density
	1630

	Detonation Wave Speed 
	6930

	A 
	373800

	B 
	3747

	Omega 
	0.35

	R1 
	4.15

	R2 
	0.9

	Detonation Energy Density 
	3680000

	Pre-Detonation Bulk Modulus 
	3680000

	Dynamic Viscosity
	10


[bookmark: _Toc90996079]Table 2
	Mass Density 
	8960

	Young’s modulus 
	110000000000

	Poisson’s ratio 
	0.364

	Yield Stress 1
	34000000

	Plastic Strain 1
	0

	Yield Stress 2
	210000000

	Plastic Strain 2
	0.6


[bookmark: _Toc90996080]Table 3
Steel is used in the casing as it is solid, not liable to warping and contains the explosive fill well. The HE uses pure TNT as a fill as this is a common type of explosive used for such items, though in more modern munitions the TNT is often mixed RDX in various proportions. The liner is copper as it is a soft metal which forms a jet easily due to the inherent ductility properties of the metal.
After assigning the material properties to the appropriate parts of the model, a mesh was applied to the whole thing. See Figure 4. The mesh is what provides all of the data points or elements for analysis, hence the term finite element analysis.
[image: ]
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[bookmark: _Toc90996070]Initial Results
The simulation was then run and the following results were observed. The visualisation shows the simulated pressure. Figure 5 shows the simulation just prior to the point of detonation so there is no pressure and the mesh is undisturbed.
[image: ]
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The next part of the simulation shows the shaped charge 7.5µs after detonation in Figure 6. The pressure wave generated by detonation can clearly be seen, the blue part approaching the apex of the liner cone. Some slight deformation of the rear of the case is also evident.
[image: ]
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The next stage shown by Figure 7 is 35 µs after detonation. The pressure wave generated by detonation has caused the case to bulge at the sides and rear as evident by the orange portions of the simulation, this is of minor concern however. The wave front has also reached the copper liner of the charge and started to force it outwards into the jet formation expected.
[image: ]
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The next screenshot is taken 75 µs after detonation in Figure 8. The case has returned to its original shape and the jet has started to form proper. Although a lot of material is being projected rearwards and outwards rather than forming part of the main jet as desired.
[image: ]
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The final stage shown by Figure 9 is 100 µs after detonation. It shows the jet formation, which has projected forward of the line of symmetry significantly and also the large amount of material being ejected radially and rearwards.
[image: ]
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[bookmark: _Toc90996071][bookmark: _Hlk89159118]Abaqus Model	with New Material Properties
The next simulation kept the same material properties of the case and explosive which can be found in tables 1 and 2 respectively. The liners material properties were altered from those of copper to represent gold instead. These can be found in table 4.

	Mass Density 
	19320

	Young’s modulus 
	120000000000

	Poisson’s ratio 
	0.42

	Yield Stress 1
	34000000

	Plastic Strain 1
	0

	Yield Stress 2
	210000000

	Plastic Strain 2
	0.6
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[bookmark: _Toc90996072]Results with New Material Properties
Figure 10 shows the simulation 7.5µs after detonation. It is near enough a repeat of figure 6 as nothing changed. The pressure wave can be seen along with the deformation at the rear of the case.
[image: E:\UNI\Physics\Gold Liner model Pics\gold step 15.PNG]
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The next stage shown by Figure 7 is 35 µs after detonation. The wave front has reached the copper liner of the charge and started to force it outwards into the jet formation expected. Again the case is bulging, but that is to be expected as only the mechanical properties for the liner have been changed.
[image: E:\UNI\Physics\Gold Liner model Pics\gold step 63.PNG]
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The next screenshot is taken 75 µs after detonation in Figure 12. The case has returned to its original shape and the jet has started to form. However, unlike figure 8, this time the less material is being projected outward and rearwards, meaning more material is in the jet. The jet is also significantly more cohesive than the example shown in figure 8.
[image: E:\UNI\Physics\Gold Liner model Pics\gold step 150.PNG]
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The final stage shown by Figure 13 is 100 µs after detonation. It shows the jet formation, which has projected forward of the line of symmetry ever so slightly, it also shows the material projected rearwards and outwards, although at a much more acute angle than the example in figure 9.
[image: E:\UNI\Physics\Gold Liner model Pics\Step 200 final jet formation.PNG]
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[bookmark: _Toc90996073]Abaqus Model with Finer Mesh
In order to test the impact of meshing the simulation differently, the model was run using its original mechanical properties found in tables 1, 2 & 3. This time however, the mesh on the liner portion of the shaped charge was altered. The number of points along the edge of the edge was doubled, which results in the finer mesh which can be seen in figure 14. 
[image: ]
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[bookmark: _Toc90996074]Results with Finer Mesh
As with previous runs, the simulation 7.5µs after detonation shown by figure 15 shows the pressure wave and the deformation at the rear of the case.[image: C:\Users\glatkins\AppData\Local\Microsoft\Windows\INetCache\Content.Word\step 15.PNG]
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Figure 16 is 35 µs after detonation. Once again the pressure wave generated by detonation has caused the case to bulge at the sides and rear. The wave front has also reached the copper liner of the charge and started to force it outwards into the jet formation expected. This jet looks to be forming much smoother than the initial model.

[bookmark: _Toc90996063]Figure 16
 75 µs after detonation is shown in Figure 17. The case has returned to its original shape and the jet has started to form. A lot of material is being projected rearwards and outwards rather than forming part of the main jet as desired.

[bookmark: _Toc90996064]Figure 17
The final stage shown by Figure 18 is 100 µs after detonation. It shows the jet formation, which has stayed within its line of symmetry, unlike the initial test. The large amount of material being ejected radially and rearwards remains similar to the initial simulation however.
[image: ]
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[bookmark: _Toc90996075]Discussion
The initial Abaqus model highlighted some flaws with the simulation, by light of the fact that the results demonstrated that with the applied mesh and mechanical material properties, the shaped charge projected its jet forward across the line of symmetry and also ejected a large amount of the liner outwards and rearwards. Both of these phenomena are not desirable effects in shaped charges as they both result in liner material being wasted, rather than forming the jet which is required to defeat a target.
The next Abaqus simulation involved changing the mechanical material properties of the liner from copper to gold. The author picked gold as he is aware of some work which has been conducted into the use of gold as a liner in shaped charges due to it being more malleable and ductile than the copper which is normally used. The results were clear to see, less material was ejected rearwards and outwards and the jet, whilst still projected across the line of symmetry, was less so than the original simulation.
The final simulation that was conducted involved reverting back to the original copper liner properties, but changing the mesh of the liner to be finer than both the original and the gold simulation. The number of data points along the edge of the liner was doubled for this simulation. This resulted in the simulation taking much longer to run and compile its results, but the trade of was that with the same data as the first simulation (bar the finer mesh) the results were much better. Material ejected outwards and rearwards was reduced compared to the initial simulation. The jet in this simulation also went straight down towards the target rather than projecting across the line of symmetry.
[bookmark: _Toc90996076]Conclusion
To conclude, lessons can be learnt from both of the improved simulations and applied together to create a superior simulation. I.e. improve the meshing of the liner and also improve the material properties of the liner in order to get better jet formation and less material waste. 
Other deductions can be made from the results, such as either making the case thicker or using stronger materials to combat warping. Other properties could be altered, including the explosive used with a faster detonation speed for example. 
Design changes could also be made to try and prevent so much material being ejected outwards and rearwards, instead focusing it forwards into the jet in order to better defeat armour.
It is clear from the 3 simulations, that variables and data points and what is recorded can be tailored to suit what the simulator wishes. So whilst simulations have their place to enable the rapid and cheap design and testing of munitions, real world testing of the final simulation would need to be conducted in order to confirm the simulation is correct
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